this is the first demonstration that Egr1 controls p21 Cip1 expression by directly interacting with a specific sequence on its gene promoter. The identified regulatory mechanism also contributes to clarify the complex chemopreventive and antiproliferative properties of resveratrol.
INTRODUCTION
Resveratrol (3, 5, 4 '-trihydroxystilbene) is a naturally stilbene endowed with antioxidant properties, synthesized in plants to counteract environmental oxidative stress such as UV irradiation or exposure to ozone (1) (2) (3) . The molecule, distributed at significant level in the skin of grapes and in a few other spermatophytes, is functionally classified as an antifungine phytoalexin conferring resistance to pathogen attack (1) .
In the last decade, resveratrol has received wide attention since a number of epidemiological observations suggest that it might reduce the risk of cardiovascular diseases and cancer (4, 5) . Indeed, the phytoalexin has been reported to prevent atherosclerosis (6) by modulating the synthesis of hepatic apolipoproteins and lipids (7) , inhibiting platelet aggregation (8) (9) (10) and the synthesis of proatherogenic eicosanoids in human platelets and neutrophils (8, 11) .
Furthermore, Jang et al. (12) described the ability of resveratrol to inhibit events associated with the initiation, promotion, and progression of cancer. The molecule is able to: i) induce phase II drug-metabolizing enzymes; ii) cause cell growth arrest, and iii) inhibit the development of preneoplastic lesions in carcinogentreated mouse mammary glands in culture and the tumorigenesis in a mouse skin cancer model. The antimutagenic activity of resveratrol against the carcinogen 3-amino-1,4-dimethyl-5H-pyrido [4,3-β] indole was also demonstrated by Ames assay using S. typhimurium (13) .
Resveratrol exerts in vitro a strong antiproliferative activity on various cell types. When added to cell cultures, the compound reduces the growth rate and DNA synthesis in a dose dependent fashion (14, 15) . It suppresses the proliferation of normal human hepatocytes (16) and keratinocytes (17) , as well as the growth of tumor cell lines established from different tissues (breast cancer, cervical tumors, gastric adenocarcinomas, colon cancer and others) (18) (19) (20) (21) (22) . In a number of instances, resveratrol induces apoptosis (23, 24) , caspase inhibitors being able to block this event (25, 26) . Finally, we have recently demonstrated that resveratrol blocks the growth of HL-60 cells at S/G2 phase and induces cell differentiation toward the mielo-monocytic phenotype (27) . Such an observation suggests that the molecule might cause, in a specific context, hematological differentiation.
The molecular mechanisms of the in vivo and the in vitro antitumoral
properties of resveratrol have been extensively investigated. The molecule is able to inhibit the hydroperoxidase activity of type 1 cyclooxygenase (12) as well as the expression of type 2 of the same enzyme (28) . Moreover, recent reports demonstrated that the plant stilbene inhibits ornithine decarboxylase (29) , DNA polymerase (30), CYP1A, CYP2E1 and CYP3A (31) and ribonucleotide reductase (32) . In this case, resveratrol acts as a radical scavenger by interacting with and destroying the tyrosyl radical of the R2 subunit, which is necessary for the activity of this enzyme (32) .
Finally, it has been reported that resveratrol, like several other naturally occurring stilbenes, mimicks, in some instances, estradiol effects (33) . However, despite the large number of reports, the molecular bases of the phytoalexin antiproliferative effects have not been definitely clarified.
Egr1 modulates p21 Cip1 expression 8 conditions employed for each gene were reported below. All the reaction had an hot start of 5 min at 95°C and a final elongation step at 72°C for 7 min.
GAPDH:
5'-GGTATCGTGGAAGGACTCATGAC-3' (sense), 5'-ATGCCAGTGAGCTTCCCGTCAGC-3' (antisense), 15-20 cycles composed of steps at 95°C for 1 min, 55°C for 1 min, 72°C for 1 min.
Egr1:
5'-TGGCTTCCAGGTTCCCATGATCCCC-3' (sense), 5'-GGCAAGCGTAAGGGCGTTCGTGGG-3' (antisense), 30-35 cycles composed of steps at 95°C for 1 min, 58°C for 1 min, 72°C for 1 min. Before amplification with each specific primer pair, an aliquot of the cDNA preparation was amplified using GAPDH primers to determine the integrity of the generated cDNA. Moreover, we used five different cDNA concentrations to assure that signals (both of GAPDH and of the gene under analysis) were proportional to input mRNA. Finally, each experiment was performed at least in triplicate and, in several cases, in quadruplicate.
Western blot analysis and enzymatic assays
Cell extracts were prepared as described in 38 and 39. 10-80 µg of cell extracts were separated by SDS-PAGE employing different percentage of acrylamide resolving gel, transferred to a nitrocellulose membrane and incubated with different antisera (39) . The immunocomplexes were detected by the enhanced chemiluminescent technique (Amersham, Bucks, UK) as described in 38 and 39.
Cdk2 and cdk4 activities were determined as reported in 40, by using histone H1 (cdk2) or pRb (cdk4) as phosphate acceptors.
Transient transfection and luciferase activity assay
The firely luciferase reporter gene plasmids employed were kindly given by Dr. T. Sakai, Kyoto Prefectural University of Medicine, Japan, and their preparation pelleted by centrifugation, washed and resuspended in fresh medium. Each preparation was separated into 12 aliquots. 6 aliquots were treated with 30 µM resveratrol for 24 hours, and 6 aliquots represent the relative controls. Luciferase activity was then determined on the cell lysate by using a luciferase kit from Promega. The activity was expressed as luciferase relative units for mg of protein.
The vacant vector pGL2-Basic was purchased from Promega and used for control reporter plasmid.
Biotin-Streptavidin Pull-Down Assay
Four oligonucleotides, containing biotin on the nucleotide at 5' position, were used in the pull-down assays. The sequences of these oligonucleotides were as annealed and 24-bp double stranded oligonucleotides were gel purified and used.
Nuclear proteins were extracted as described in the next paragraph. One microgram of each double-stranded oligonucleotide was incubated with 300 µg of nuclear proteins for 20 minutes at room temperature in a binding buffer containing 12%
glycerol, 12 mM HEPES (pH 7.9), 4 mM Tris (pH 7.9), 150 mM KCl, 1 mM EDTA, preparation were preadsorbed with 500 µl of bovine serum albumin (1 mg/ml), 50 µg of poly(dI-dC), and 50 µg of sheared salmon sperm DNA for 30 minutes at 25°C.
The beads were washed three times and resuspended in 300 µl of the binding buffer.
The protein-DNA-streptavidin-agarose complex was washed three times with binding buffer and loaded onto a SDS gel. Detection of Sp1 and Egr1 proteins was performed as described in the immunoblotting section (38, 39) .
Preparation of Nuclear Extracts and Electrophoretic Mobility Shift Assays (EMSAs)
Nuclear extracts were prepared as follows. Briefly, the cells were suspended in three packed cell volumes of hypotonic buffer, 10 mM HEPES, pH 7.9, 1.5 mM respective to the transcription start).
Antisense experiments
Two phosphorothioate antisense oligonucleotides were synthesized. One (5'-TCGGCCTTGGCCGCGGCCAT-3') was directed against the region (from 0 to 19) of Egr1 mRNA while the other, (5'-GCTCGTCCGAGTCGTCCTGC-3') was the control scramble oligonucleotide. 20 µl of FuGENE 6 were mixed with 0.5 ml of RPMI 1640 and then added dropwise to 20 µg of the antisense oligos. The sample was then added to 10 ml of K562 cells (400,000 cells/ml). A control experiment contains only FuGENE 6. After 12 hours, 30 µM resveratrol was added and cell growth continued: i) for further 8 hours after which cells were pelletted and analyzed for Egr1 and p21 Cip1 expression, or ii) for further 24 hours to evaluate cell growth.
RESULTS

Resveratrol induces growth arrest and differentiation of K562 cells
When K562 cells were cultured in the presence of different amounts of resveratrol, a remarkable inhibition of the proliferation rate was observed (Fig. 1A) .
As low as 30 µM concentration resulted in a complete growth impairment, while at higher concentration (100 µM) the molecule appeared slightly toxic, causing a small decrease of cell number. From these experiments, the estimated resveratrol I 50 value was about 10 µM. Incubation of cells with the stilbene did not cause a definite commitment towards a non-proliferative state. Indeed, when the cells were incubated for 24 or 48 hours with 30 µM resveratrol and, thereafter, the drug was removed, a normal rate of proliferation was restored (data not shown). These results indicated that, under the conditions employed, the growth inhibition was powerful but rapidly reversible, and that the molecule interferes, not irreversibly, with molecular processe(s) required for cell proliferation.
In order to rule out the possibility that the cytostatic activity of resveratrol was due to apoptosis, the resveratrol-treated K562 cells were analyzed by flow cytometry.
The results indicated that only at 100 µM concentration a very low percentage of apoptotic cells was detectable (less than 10%) (data not shown). The flow cytometry analysis also indicated a remarkable decrease of G2/M peak and the accumulation of cells in G1/S phases (data not reported). The absence of the apoptotic process was also demonstrated by estimating the cleavage rate of poly(ADP ribose)polymerase (PARP). The lack of PARP cleavage (namely the absence of the 85 kDa fragment in immunoblotting analysis) represents a further proof of the absence of (or almost undectable) apoptosis (Fig. 1B) . A control experiment was performed employing etoposide, a well known inducer of apoptosis (Fig. 1B) .
Then, we evaluated the differentiation activity of resveratrol. Since K562 cells might differentiate towards two different phenotypes, we analyzed the expression of genes specific of erythroid and megakaryocytic phenotypes, namely γ-globin and GpIIb, respectively (43) . As shown in Fig. 1C , only the expression of γ-globin gene was up-regulated by 30 µM reveratrol, while GpIIb gene transcription was completely unmodified or slightly down-regulated.
In summary, resveratrol, at concentrations comparable to those occurring in wine and grapes, causes a complete arrest of K562 cell proliferation. This effect is fully reversible, not due to the induction of apoptosis, and associated with the differentiation towards the erythroid phenotype.
Biochemical analysis of cell division cycle engine in resveratrol-treated K562 cells
The results obtained by flow cytometry prompted us to clarify the precise transition of cell division cycle hampered by resveratrol addition. As well known, the progression through the cell cycle is due to the timely regulated activation of serine/threonine cyclin-dependent kinases (cdks), a class of enzymes whose active form requires the binding between a catalytic subunit and an activating subunit, i.e.
cyclin. Besides cyclin interaction, other regulatory events, including positive and negative phosphorylations and binding to cdk inhibitors (ckis), control cdk enzymatic activity.
Analysis of cell extracts by immunoblotting, carried out at various timeintervals (from 4 h to 2 days), demonstrated that the levels of several components of the G1 phase cell cycle machinery (i.e. p27 Kip1 , cyclin D2, cyclin D3, cdk4, cdk6
and cdk2) were totally unmodified by resveratrol addition ( Fig. 2A and data not shown). Conversely, a remarkably increase of p21 Cip1 was evidenced ( Fig. 2A ).
The levels of p16 INK4A and p15 INK4B were not evaluated since our previous investigations demonstrated that the genes encoding these proteins are homozygously deleted in K562 cells (38) . Contemporaneously, a remarkable down-regulation of cdc2 level was observed in a time-(not shown) and dose-dependent fashion (Fig 2D) . Finally, we analyzed cdk4
and cdk2 activities in the specific immunoprecipitates. Both the enzymatic activities decreased remarkably following resveratrol addition (data not reported).
In summary, the biochemical analysis of cell cycle engine demonstrates that: i)
resveratrol-treated K562 cells are unable to entry into S phase, and ii) the inhibition of growth and the accumulation of cells in G1 phase are associated with an early, but indirect, increase of p21 Cip1 gene transcription.
Resveratrol induces the expression of Egr1 gene
Although the early p21 Cip1 accumulation might be the cause of the resveratrol-dependent G1 arrest, the expression of the gene does not show a direct (i.e. in cis) regulation by pathways activated by the stilbene (Fig. 2C) . Thus, we studied the effect of resveratrol on the expression of three genes encoding transcription factors, namely Egr1, GATA-1 and GATA-2. These genes were chosen since several data demonstrate that they play pivotal roles in inducing cell growth arrest and differentiation during hematopoietic cell lineage (44) (45) (46) We also evaluated the nuclear level of NF-κB protein in resveratrol-treated K562 cells. Indeed, the modulation of this transcription factor has been proposed as an early and important cellular response to the phytoalexin treatment (47) .
As shown in Fig. 3A , a strong increase of Egr1 expression was evidenced after the addition of resveratrol, while the transcription of GATA-1 and GATA-2 was not influenced by the grape alexin (Fig. 3B) . Moreover, the K562 nuclear content of NF-κB, i.e. the active form of this trancription factor, was unmodified by the stilbene treatment, thus suggesting that this protein is not involved in the resveratrol-induced growth arrest of the erythroleukemic cells (Fig. 3C ).
Time course experiments, performed in the presence or absence of cycloheximide, demonstrated that resveratrol induces an early and direct transcription of Egr1 gene (after 1 hour), which is followed by a second round of expression, observable only in the absence of cycloheximide (Fig. 4A) . Therefore, this second peak of expression is due to the synthesis of a protein (which might be Egr1 itself) that further stimulates Egr1 gene transcription. A western blot analysis also showed an identical pattern with two phases of protein accumulation (Fig. 4B) . Finally, the resveratrol-induced Egr1 protein is completely localized in the nucleus, suggesting that the transcription factor is fully active (Fig. 4C) . 
Egr1 regulates the expression of p21 Cip1 gene and K562 proliferation
The finding that the transcription of p21 Cip1 occurs in trans moved us to investigate further the direct involvement of Egr1 in the regulation of the cdk inhibitor gene expression. Firstly, we wondered whether the phytoalexin-related expression of p21 Cip1 was hampered by preincubation of cells with the kinase inhibitors described above. We observed that PD98059 prevented the up-regulation of p21 Cip1 (Fig. 6A) , while all the other kinase inhibitors did not (data not reported).
Subsequently, we analyzed the effect of resveratrol on the content of Sp1, a transcription factor thought to be a major regulator of p21 Cip1 gene expression (48) (49) (50) . Immunoblotting analysis of Sp1 nuclear level in control and treated cells showed that the amount of the protein is not modified by the phytoalexin (Fig. 6B ). This finding allowed us to rule out, at least in part, the hypothesis that resveratrol acts by stimulating the known Sp1-responsive elements localized on p21 Cip1 promoter region (48) (49) (50) .
A computer-aided analysis of p21 Cip1 promoter sequence (48-50) resulted in the identification of a putative Egr1 consensus sequence (Fig. 6C ). This finding, along with the above reported data, suggested to us the possibility of a direct linkage between Egr1 up-regulation and enhanced p21 Cip1 gene transcription. In order to evaluate this possibility, we carried out a series of experiments aimed to confirm the interaction between Egr1 and the sequence identified on the cki gene promoter.
Initially, we evaluated in K562 cells the effect of resveratrol on the luciferase expression driven by constructs containing the wild-type or two deleted constructs of 
Finally, chromatin immunoprecipitation experiments demonstrated that Egr1
protein binds in vivo p21 Cip1 promoter. Indeed, the DNA immunoprecipitated by anti-Egr1 antibodies contains the -70 to -53 sequence of p21 Cip1 promoter (Fig 7D) .
Importantly, the amount of promoter sequence precipitated by the antibodies increased remarkably after the treatment of cells with resveratrol. A control rabbit antiserum did not precipitate this sequence (Fig. 7D ).
Since the above reported experiments demonstrated clearly that Egr1 recognizes in vivo and in vitro a sequence occurring in the promoter region of p21 Cip1 gene, we wondered whether Egr1 is the major transcription factor responsible for the cdk inhibitor accumulation driven by resveratrol. Thus, we evaluated the effect of an Egr1 antisense phosphorothioate oligonucleotide on the expression of Egr1 and p21 Cip1 after the addition of resveratrol. We observed that the antisense clearly hampered the stilbene-dependent Egr1 mRNA up-regulation, thus demonstrating the efficacy of the molecule (Fig. 8A) . A scramble phosphorothioate with the same base composition but different sequence was completely ineffective (Fig. 8A) . Importantly, the antisense-dependent decrease of
Egr1 mRNA also caused a down-regulation of p21 Cip1 mRNA (Fig. 8A) . This observation demonstrated a functional interplay between the two genes. Finally, the addition of Egr1 antisense also caused a significant reduction of the antiproliferative effect of resveratrol, while the control antisense was inactive (Fig. 8B) . This result demonstrates a direct mechanistical connection not only between Egr1 and p21 Cip1 gene expression, but also between Egr1 and the resveratrol-dependent growth restraining activity.
DISCUSSION
This study, devoted to investigate the molecular mechanism(s) of growth arrest and differentiation induced by resveratrol, brought to two main conclusions: i) upregulation of Egr1 transcription is a major effect of resveratrol activity, and ii) Egr1 is able to control p21 Cip1 expression. This novel regulatory pattern is of particular interest since both Egr1 and p21 Cip1 modulate a variety of cellular events endowed with relevant biological significance.
As reported in the Introduction, resveratrol is a natural stilbene able to inducing growth impairment, differentiation or apoptosis. Thus, the molecule has been considered as a promising drug in cancer chemoprevention (51) . for the cki accumulation. This finding was totally unexpected, since the effect of a large number of molecules on the cki gene expression is associated with a direct control of gene transcription (i.e. in cis mechanism) (49, 50) .
Although the increase of p21 Cip1 level might account for G1 phase arrest, the molecular mechanism(s) regulating its expression remained to be explained.
Therefore, we evaluated the effects of the molecule on three transcription factors, which play selective roles in growth arrest and differentiation of hematopoietic cells, namely Egr1, GATA-1 and GATA-2 (44, 46) . Moreover, the nuclear levels of the NF-κB were analyzed, since this transcription factor has been reported to be modulated by resveratrol in U937 cells (47) . However, our results indicate that the expression of GATA-1 and -2, as well as the nuclear NF-κB content, are not influenced by resveratrol, while the phytoalexin induces uniquely a remarkable nuclear accumulation of Egr1. The Egr1 up-regulation is detectable as early as 15 min after resveratrol addition and follows a complex biphasic kinetics (Fig 4B) . Regarding to the mechanisms of resveratrol activity, we reached the conclusion that the phytoalexin-dependent Egr1 build-up is exclusively due to the activation of Erk1/Erk2 pathway. This finding: i) confirms previous studies which demonstrate that Egr1 gene transcription is predominantly controlled by Erk1/2 kinases (69-71),
and ii) suggests that resveratrol might modulate the Ras->Raf->Erk1/2 pathway.
Overall, these data supported the hypothesis that up-regulation of Egr1 was Then, nuclear and cytosolic extracts were prepared as in Experimental Procedures.
The contents of Egr1 and histone deacetylase 1 (HDAC1) were determined by immunoblotting. HDAC1, a nuclear protein, was employed to confirm the purity of the cellular fractions. by guest on August 17, 2017 
